Introduction
Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by synovial hyperplasia, inflammation, and tissue destruction. The progression of clinically uncontrolled arthritis can lead to devastating inflammation-driven cartilage and bone destruction, resulting in irreversible joint damage. Therapeutic strategies at the level of inflammatory pathways (eg, antitumor necrosis factor (TNF) agents or B-cell depletion) have shown considerable efficacy in reducing synovitis and limiting progressive joint damage, but are not uniformly successful in treating RA. 1, 2 Indeed, nonresponsiveness to treatment and an inability to reverse cartilage and bone loss highlight the need for identifying novel targets to improve therapeutic efficacy and patient outcomes.
Coagulation system activity is a prominent feature of RA, and specific links between coagulation and inflammatory systems play a fundamental role in disease progression. The synovial fluid of RA patients contains reduced levels of coagulation factors in conjunction with corresponding increases in levels of thrombin-antithrombin complexes and fibrin degradation products, indicative of ongoing coagulation system activity. [3] [4] [5] Functional studies in mice have shown that pharmacologic inhibition of thrombin activity or the genetic elimination of the clotting factor fibrinogen, significantly diminishes arthritis severity. 6, 7 Directly promoting local inflammation is one mechanism by which fibrin(ogen) supports arthritis pathogenesis as disruption of fibrin(ogen)-a M b 2 leukocyte integrin engagement significantly diminished arthritis in mice due to reduced local proinflammatory cytokine (eg, TNFa, IL-1b, and IL-6) expression. 8 Although coagulation factors are increasingly recognized as powerful modifiers of inflammatory joint disease, the contribution, interplay, and mechanism(s) by which specific factors of diverse function (eg, serine proteases, G-protein coupled receptors) modify disease outcome remains ill-defined.
FXIII is a thrombin-activated transglutaminase that catalyzes the formation of covalent e-N-(g-glutamyl)-lysine crosslinks between residues of target proteins. 9 FXIII is present in circulation as a heterotetrameric zymogen composed of 2 catalytic fXIIIA and 2 noncatalytic fXIIIB subunits. The preeminent function of activated fXIII is the stabilization of fibrin clot structures through crosslinking of fibrin polymers to increase stiffness, reduce stretch, and limit plasminmediated proteolysis. 10, 11 The vital contribution of fXIII to hemostasis is highlighted by the fact that patients with fXIII deficiency and fXIIIA-deficient mice display bleeding diatheses and significantly impaired wound healing. 12, 13 However, putative roles for fXIIIA in settings outside of coagulation and wound healing, including the mechanisms linked to inflammatory disease pathologies, are largely unexplored.
In the present study, we explored the contribution of fXIIIA to arthritis pathogenesis in the experimental setting of collagen-induced arthritis (CIA). For the first time, our studies revealed that fXIIIA is a potent determinant of inflammatory arthritis and eliminating fXIIIA can ameliorate arthritis severity. In addition, using a combination of in vivo and in vitro approaches, we report that fXIIIA appears to support arthritis pathogenesis by multiple distinct mechanisms, including pathways linked to local inflammation, which are likely fibrinogen-dependent, and pathways directing local osteoclast differentiation and function, which appear to be fibrinogen-independent.
Methods Mice
Mice lacking the fXIII catalytic subunit A (fXIIIA 2/2 ) and fibrinogendeficient mice have been described previously. 14, 15 For CIA experiments, fXIIIA 2/2 and fXIIIA 1/1 littermates were backcrossed to the DBA/1J genetic background for 8 generations. Males and females were enrolled in experiments as separate cohorts and analyzed. All mice were housed in the animal care facility of Cincinnati Children's Hospital Research Foundation. The Cincinnati Children's Hospital Animal Care and Use Committee approved the study protocols.
Arthritis induction and macroscopic scoring
CIA induction and evaluation in mice were performed as previously described. 8 Briefly, cohorts of fXIIIA 1/1 and fXIIIA 2/2 mice (6-10 weeks old) were given intradermal injections of 100 mg bovine type II collagen (CII, Elastin Products Co., Inc.) in complete Freund's adjuvant on days 0 and 21. Details of arthritis scoring are provided in the supplemental Methods on the Blood Web site. For cystamine experiments, male DBA/1 mice were administered 900 mg/L cystamine dihydrochloride (Sigma-Aldrich) in their drinking water starting 14 days prior to the first immunization until the end of the experiment. Mice receiving plain drinking water were used as controls.
Histology
Qualitative and quantitative histologic evaluation of joint tissue was performed as previously described 8 or as detailed in the supplemental Methods.
RNA isolation and quantitative real-time PCR
Frozen hind paws were homogenized in TRIzol (Invitrogen) and RNA was extracted according to the manufacturer's protocol. Complementary DNA was synthesized from 2 mg total RNA using a High Capacity RNA-to-cDNA kit (Applied Biosystems). Real-time polymerase chain reaction was performed in a StepOne Plus instrument (Applied Biosystems) using TaqMan probes for IL-6: Mm00446190_m1, IL-1b: Mm01336189_m1, TNFa: Mm99999068_m1, IL-10: Mm00439614_m1, TGF-b: Mm00441724_m1, receptor activator of nuclear factor-kB ligand (RANKL): Mm01313943_m1, tartrate resistant acid phosphatase (TRAP): Mm00475698_m1, osteoprotegerin (OPG): Mm01205928_m1, nuclear factor of activated T cells c1 (NFATc1): Mm00479441_m1. b2M: Mm00437762_m1 was used as an endogenous control gene for all TaqMan-based real-time polymerase chain reaction (PCR) analyses.
Analysis of cellular and humoral response to CII immunization
Details of T-cell and B-cell adaptive immune responses after collagen immunization are available in the supplemental Methods.
In vitro osteoclastogenesis
Splenocytes from fXIIIA 1/1 or fXIIIA 2/2 mice were plated at a density of 1 3 10 6 cells/well in a 24-well plate and cultured for 7 days in the presence of RANKL (100 ng/mL) and monocyte colony stimulating factor (M-CSF) (30 ng/mL) in a-minimum essential medium (containing 10% fetal bovine serum and antibiotics). Cells were harvested for gene expression analyses or stained for TRAP with a leukocyte acid phosphatase kit (Sigma-Aldrich), according to the manufacturer's instructions to identify osteoclasts. TRAP1 cells containing .3 nuclei were counted as osteoclasts.
Statistical analysis
Kaplan-Meier log-rank analysis was used to compare arthritis incidence. Arthritis index and severity were evaluated using the Mann-Whitney U test. Histopathologic scores, messenger RNA (mRNA) quantification, safranin-O staining and quantification of osteoclasts were compared using 2-tailed Student t test or 2-way analysis of variance followed by the Student-Newman-Keuls posthoc test. P , .05 was considered statistically significant.
Results
Genetically-imposed fXIIIA deficiency results in reduced CIA incidence and severity Analysis of CIA-challenged mice deficient in the catalytic A subunit of fXIII (ie, fXIIIA group and n 5 17 in fXIIIA 2/2 group). Mann-Whitney U test. *P , .05; **P , .01 (B-C).
revealed that fXIIIA deficiency resulted in significantly decreased CIA incidence relative to wild-type mice ( Figure 1A ). Approximately 20% of male fXIIIA 2/2 mice showed no evidence of macroscopic arthritis in the paws over the entire observation period, whereas 100% of wild-type mice in each study developed multiple arthritic joints. Furthermore, the number of paw joints affected (ie, arthritis For personal use only. on January 1, 2018. by guest www.bloodjournal.org From index) was significantly reduced in fXIIIA 2/2 mice compared with wild-type mice beginning at day 26 after primary collagen immunization, and this pattern persisted to the end of the macroscopic evaluation period ( Figure 1B ). The degree of swelling in each paw (ie, arthritis severity) was also significantly reduced in fXIIIA 2/2 mice relative to wild-type mice ( Figure 1C) . A similar significant diminution in macroscopic disease was observed in CIA-challenged female fXIIIA 2/2 mice compared with female fXIIIA 1/1 animals (supplemental Figure 1 ). These observations suggest that the elimination of fXIIIA limits the development and progression of inflammatory arthritis.
FXIIIA deficiency is protective against CIA-driven histological pathologies including cartilage degradation and bone erosion
Knee joints harvested at day 42 of the CIA protocol were evaluated for histologic signs of arthritis. The pattern and severity of joint disease mirrored the macroscopic clinical scores in that fXIIIA deficiency resulted in markedly diminished disease severity in the knee joints relative to wild-type mice ( Figure 2A ). Comparative, semiquantitative analyses of CIA pathological features, revealed that inflammation, synovial hyperplasia, pannus, and cartilage/bone loss was significantly lower in the knee joints of fXIIIA 2/2 mice ( Figure 2B ), leading to an overall significant reduction in the composite histopathology index score relative to wild-type mice ( Figure 2C ). Notably, even in knee joints from fXIIIA 2/2 mice that displayed robust inflammation and hyperplasia, cartilage degradation was significantly diminished relative to fXIIIA 1/1 mice. A formal assessment of cartilage degradation by safranin-O staining indicated preservation of articular cartilage within the knee joints of fXIIIA
mice compared with wild-type mice ( Figure 2D -E). Similar results were observed in histologic analyses of female mice (supplemental Figure 1 ). These data indicate that fXIIIA is an important modifier of arthritis, advancing key pathological metrics of disease, including the most devastating aspects of cartilage degradation and bone erosion.
Given that the most well-characterized function of fXIII is to crosslink fibrin, we analyzed local fibrin deposition at day 42 within the knee joints of CIA-challenged mice. Fibrin(ogen)-deposits were never observed in the knee joint of unchallenged mice, regardless of the presence or absence of fXIIIA ( Figure 2F ). Consistent with retained thrombin generation potential, retained fibrinogen availability, and normal thrombin clotting times in fXIIIA 2/2 mice, fibrin (ogen) deposition within the knees joints was observed in CIAchallenged fXIIIA 2/2 animals. However, the patterns of fibrin staining in CIA-challenged fXIIIA 1/1 and fXIIIA 2/2 mice were qualitatively distinct ( Figure 2F ). Fibrin appeared as thick layers along the inflamed synovium, dispersed through the hyperplastic granulation tissue, and as dense deposits within the synovial space in wild-type mice. However, knee joints from CIA-challenged fXIIIA 2/2 mice displayed more diffuse fibrin deposits that were generally limited to the joint space ( Figure 2F ). Notably, qualitatively fewer inflammatory cells were associated with the fibrin matrix in CIA-challenged fXIIIA and fXIIIA 2/2 mice, and predictably, the levels of each of these cytokines were significantly increased in CIA-challenged animals ( Figure 3 ). However, consistent with the observed differences in disease severity, mRNA levels of IL-6 and IL-1b were markedly diminished in joints of fXIIIA 2/2 mice relative to wild-type mice at day 42 of CIA ( Figure 3A -B, respectively). Local mRNA levels of TNFa were significantly elevated in the early effector phase of CIA (ie, day 28) for wild-type mice, as previously documented, 8 but significantly reduced in CIA-challenged fXIIIA 2/2 mice ( Figure 3C ).
Similarly, mRNA levels of anti-inflammatory cytokines, IL-10 ( Figure 3D ) and TGF-b (data not shown), were also elevated at day 42 of CIA in fXIIIA 1/1 mice relative to fXIIIA 2/2 mice. These results suggest that the reduction in CIA severity observed in fXIIIA
mice is due to an attenuated proinflammatory response rather than an enhanced local antiinflammatory cytokine response. Interestingly, the pattern of inflammatory cytokine expression in fXIIIA 2/2 mice was identical to that reported in CIA-challenged fibrinogen-deficient mice. 8 These findings support the concept that one mechanism by which fXIIIA promotes local inflammation is through its primary substrate and an established proinflammatory mediator, fibrinogen.
FXIIIA deficiency does not alter peripheral T-and B-cell responses after CII immunization
To determine if the reduced CIA severity observed in fXIIIA 2/2 mice was secondary to an impaired adaptive immune response after collagen immunization, cells isolated from the draining lymph nodes or spleen, and the plasma were analyzed. No genotype-dependent difference in numbers ( Figure 4A ) or percentages ( Figure 4B ) of total T and B cells were observed within the draining popliteal lymph node (PLN) 10 days after immunization with CII in the footpad. Similarly, no genotype-dependent differences were observed in numbers and percentages of CD4 1 and CD8 1 T-cell subsets ( Figure 4C ) and activated CD44hi CD4 1 T cells from the PLN of mice with ( Figure 4D ) or without CII immunization (data not shown). Furthermore, no genotypedependent differences were observed in the proliferative response of cells isolated from the spleens of CII-immunized mice after either restimulation with CII ( Figure 4E ) or direct antibody-mediated T-cell receptor activation ( Figure 4F ). Secretion of IFN-g ( Figure 4G ) and IL-17A ( Figure 4H ) by PLN cells after restimulation was also comparable between fXIIIA 2/2 and fXIIIA 1/1 mice. Finally, analysis of CIIspecific total IgG, Th1-dependent IgG2a and the complement-fixing IgG1 antibodies in the plasma revealed similar anti-CII antibody titers between the 2 genotypes ( Figure 4I ). Together these data suggest that the reduced CIA severity in fXIIIA 2/2 mice is not due to impaired peripheral T-and B-cell responses after CII-immunization.
FXIIIA deficiency impairs osteoclast differentiation in vivo
Cartilage and bone resorption are mediated, in part, by osteoclasts derived from the monocyte and macrophage lineage. [16] [17] [18] We analyzed knee joints of CIA-challenged fXIIIA 1/1 and fXIIIA mice ( Figure 5A ). Furthermore, qRT-PCR analysis revealed a significant diminution in local mRNA expression of TRAP gene (Acp5) in CIAchallenged fXIIIA 2/2 mice compared with controls ( Figure 5B ). Of note, TRAP expression was significantly reduced, even in unchallenged fXIIIA 2/2 mice compared with fXIIIA 1/1 mice ( Figure 5B ). Despite the observed quantitative differences in TRAP gene expression, 
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For personal use only. on January 1, 2018. by guest www.bloodjournal.org From similar mRNA levels of the transcription factor associated with differentiation of osteoclasts, NFATc1, were observed between the 2 genotypes with or without CIA challenge ( Figure 5C ).
Local mRNA levels of the key osteoclast regulators RANKL and OPG were evaluated by qRT-PCR. As shown in Figure 5D , RANKL expression was significantly reduced in the paws of fXIIIA 2/2 mice relative to wild-type mice both at days 28 and 42 of CIA. Interestingly, a significant reduction in RANKL expression was also observed in unchallenged fXIIIA 2/2 mice compared with controls ( Figure 5D ), whereas OPG mRNA levels were similar between the 2 genotypes at the different time points ( Figure 5E ). Consistent with reduced disease activity in CIA-challenged fXIIIA 2/2 mice, the ratio of RANKL/OPG mRNA levels was significantly decreased relative to CIA-challenged fXIIIA 1/1 mice, both prior to disease induction and during the effector phase of CIA ( Figure 5F ), corresponding with the reduction in osteoclasts (ie, TRAP1 cells) in fXIIIA-deficient mice.
To determine whether changes in local osteological activity observed in fXIIIA 2/2 mice were replicated in animals deficient in fibrin(ogen), local levels of RANKL, OPG, and TRAP were evaluated in fibrinogen-deficient mice. As shown in Figure 5G , no genotypedependent differences in mRNA levels of RANKL, OPG, RANKL/OPG ratio, or TRAP within the hind paws of unchallenged fibrinogensufficient and fibrinogen-deficient mice were observed. These results indicate that unlike fXIIIA deficiency, fibrinogen deficiency does not impact baseline expression of important osteoclast effectors in the paws of mice. Together, these data support the novel concept that fXIIIA mediates local tissue destruction through a potential fibrinogenindependent mechanism. mice ( Figure 6A) . A significant reduction in the number of TRAP1 cells containing at least 3 nuclei was seen in these cultures ( Figure 6B ). Moreover, diminution in TRAP gene expression was observed in cultures derived from fXIIIA 2/2 mice compared with those from fXIIIA 1/1 mice ( Figure 6C) . Thus, the defect in osteoclastogenesis in cultures from fXIIIA 2/2 spleens is linked to diminished RANKLinduced osteoclast formation, and not due to quantitative differences in precursor cells or their proliferative and survival capacity in vitro.
Pharmacologic inhibition of transglutaminase activity reduces CIA incidence and severity
To complement the genetic studies, we determined whether pharmacologic treatment with a transglutaminase inhibitor was similarly effective in limiting CIA development. Approximately 50% of mice treated with the pan-transglutaminase inhibitor cystamine showed no evidence of arthritis in the paws compared with 90% of vehicletreated control mice developing at least 1 joint with obvious arthritis after CIA induction ( Figure 7A ). Accordingly, the arthritis index was significantly reduced in cystamine-treated mice compared with vehicle-treated controls ( Figure 7B ). Histologic evaluation of hematoxylin and eosin-stained knee joints revealed that cystamine-treated mice had reduced pathological signs of inflammatory arthritis relative to vehicle-treated mice ( Figure 7C ), which was supported by a significantly lower histopathology index score ( Figure 7D ). Importantly, cartilage degradation and bone loss was significantly attenuated, even among those cystamine-treated mice that showed signs of inflammation and synovial hyperplasia compared with vehicle treatment (data not shown). Knee joints of cystamine-treated mice had less severe cartilage degradation compared with vehicletreated mice ( Figure 7C ). Furthermore, TRAP1 osteoclast-rich lesions were readily apparent within the bone of vehicle-treated control mice, whereas TRAP1 cells were fewer in number and appeared dispersed in the synovial tissue of cystamine-treated animals ( Figure 7C ). Of note, significant diminutions in (1) RANKL mRNA; (2) ratio of RANKL/OPG mRNA, and (3) TRAP mRNA were found in the paws of CIA-challenged mice treated with cystamine as compared with CIA-challenged vehicle-treated (ie, simple drinking water) controls ( Figures 7E-G) . Even in otherwise unchallenged animals (ie, without any CIA challenge), cystamine treatment significantly reduced RANKL mRNA levels and the ratio of RANKL/OPG mRNA compared controls ( Figure 7H -I, respectively), findings similar to what was observed in fXIIIA 2/2 animals.
Local expression of TRAP in the paws of cystamine-treated mice was consistently diminished relative to vehicle-treated animals, although the changes did not reach statistical significance ( Figure 7J ). Together, these data suggest that treatment with a transglutaminase inhibitor limits arthritis pathogenesis and osteoclast function in a manner similar to genetic fXIIIA deficiency.
Discussion
Previous studies suggested that fXIII may play a role in RA, a disease associated with pathological coagulation system activity. Plasma from RA patients produces altered fibrin-clot structures in vitro that were postulated to be associated with excessive fXIII activity. 19 Levels of D-dimer, a degradation product derived from fXIIIcrosslinked fibrin, are increased in the plasma and synovial fluid from RA patients and experimental animals with inflammatory arthritis. 4, 20 The studies presented here definitively establish for the first time that fXIIIA is a crucial molecular determinant of inflammatory arthritis progression and joint tissue destruction. Multiple studies have directly implicated the primary fXIIIA substrate fibrin(ogen) in the pathogenesis of inflammatory arthritis. 8, [21] [22] [23] [24] These data also support the concept that fXIIIA contributes to arthritis pathogenesis through distinct fibrinogen-dependent inflammatory processes and through altered osteoclast function-mediated mechanisms.
FXIIIA is not essential for initial fibrin clot formation, and consistent with exuberant fibrin within human arthritic joints, appreciable fibrin(ogen) deposition was consistently observed in CIA-challenged mice, regardless of the presence or absence of fXIIIA. However, the present studies revealed that CIA-challenged fXIIIA 2/2 mice displayed a qualitatively distinct pattern of fibrin deposition associated with fewer inflammatory cells within the knee joints relative to CIA-challenged wild-type mice. Noncrosslinked fibrin matrices have structural and functional properties distinct from stable crosslinked fibrin matrices. [25] [26] [27] Differential inflammatory properties would be anticipated because stable fibrin matrices appear For personal use only. on January 1, 2018. by guest www.bloodjournal.org From to support increased inflammatory cell adhesion, migration, and cytokine production relative to monomeric fibrinogen. [28] [29] [30] Interestingly, the common V34L polymorphism in the fXIIIA gene, which is associated with more rapid fXIII activation, correlates with higher levels of the proinflammatory cytokine IL-6. 31 Indeed, the observed diminution of CIA severity in fXIIIA 2/2 mice reported here is in-line with previous studies indicating that fibrinogen-deficient mice develop diminished CIA with a corresponding reduction in local proinflammatory cytokine expression. 8 Furthermore, our studies are in agreement with the notion that noncrosslinked fibrin deposits exhibit a reduced capacity to drive proarthritic and proinflammatory leukocyte activation and cytokine production. Thus, at least 1 mechanism by which fXIIIA deficiency limits arthritis progression and severity appears to be by altering local properties of fibrin within arthritic joints rendering the provisional matrix protein less proinflammatory.
It is possible that extracellular substrates of fXIII other than fibrin contribute to fXIII-mediated CIA. Indeed, fXIIIA is a promiscuous transglutaminase capable of crosslinking multiple nonfibrin substrates in the joint microenvironment relevant to inflammatory arthritis including additional coagulation system components (eg, a 2 -antiplasmin, thrombin activatable fibrinolysis inhibitor, and plasminogen), extracellular matrix components (eg, fibronectin, laminin, and collagen), and cell surface receptors (eg, a v b 3 ,) . 11, 32 The glycoprotein osteopontin (OPN) has been identified as a fXIIIA substrate that is of particular interest in connection to cartilage and bone remodeling and inflammatory joint disease. 33 OPN is believed to promote joint destruction during RA in part through engagement of a V b 3 and a V b 5 on osteoclasts. 34, 35 Antibody-mediated blockade of OPN function has been reported to be protective in murine inflammatory arthritis models. 36 Thus, an emerging hypothesis from these findings is that extracellular fXIIIA could contribute to arthritis pathogenesis through both fibrinogen-dependent and fibrinogen-independent mechanisms, but further studies are required to elucidate the relative contribution of the multiple pathways to disease.
In RA and CIA, bone erosion is predominantly mediated by osteoclasts, which are myeloid-derived multinucleated cells. Osteoclastogenesis and osteoclast activation are primarily driven by the RANKL/RANK receptor signaling system and tightly controlled and countered by OPG, the soluble decoy receptor of RANKL. [37] [38] [39] Ultimately, the degree of osteoclast differentiation and activation is dictated by the balance between OPG and RANKL within the bone microenvironment. 40 Here we demonstrate that whereas CIAchallenged, and even naïve, fXIIIA 2/2 mice displayed molecular changes consistent with reduced osteoclast differentiation and osteoclast numbers (ie, reduced mRNA levels of RANKL and TRAP), fibrinogen-deficient mice did not show the same molecular changes. Additionally, inflammatory cytokines, such as TNFa, IL-6, and IL-1b, synergize with RANKL to promote osteoclast differentiation and activation. [41] [42] [43] Multiple lines of evidence have demonstrated that RANKL plays a dominant role in arthritis-associated bone loss in that inhibiting RANKL signaling directly (by genetic elimination or antibody-mediated blockade) or indirectly (by regulating the local balance of RANKL/OPG) significantly protects from bone and cartilage loss, but has little-to-no effect on inflammation during arthritis progression. [44] [45] [46] [47] [48] The in vivo analyses and in vitro osteoclastogenesis assays performed here suggest that fXIIIA is critical for RANKLmediated osteoclast differentiation and function. Even under conditions in which RANKL is not limiting, fXIIIA 2/2 splenocytes have a reduced capacity to form TRAP1 osteoclasts. Thus, collectively our findings support the novel concept that targeting fXIIIA transglutaminase could be a powerful new avenue to mitigate multiple pathogenic arms of inflammatory arthritis including synovial inflammation and devastating cartilage and bone loss. During skeletal homeostasis, osteoblasts are the chief source of RANKL, whereas under pathological conditions such as RA, cell types such as activated T cells and synovial fibroblasts also express RANKL. 41, 49, 50 Transglutaminase activity in general has been shown to promote osteoblast adhesion and differentiation. 51 Osteoblasts and osteoblastic cell lines have been reported to express both fXIIIA and tissue transglutaminase 2 (TG2). 52, 53 Despite the local expression differences in crucial osteologic effectors observed in fXIIIA 2/2 mice, no overt skeletal abnormalities have been reported for fXIIIA 2/2 mice. Additionally, studies have reported that baseline skeletal properties of TG2-deficient mice are unaltered. [54] [55] [56] Such findings suggest that fXIIIA and TG2 are independently not required for either skeletal development or physiological skeletal homeostasis. Our studies suggest that at least for some aspects of bone remodeling, loss of fXIII transglutaminase activity alone is sufficient to mitigate altered function (ie, osteoclastogenesis). Specific contributions of fXIIIA and TG2, either alone or in combination, to bone-remodeling activities, including osteoblast function, in the setting of arthritis or other bone degenerative pathological contexts remains to be established.
A central consideration in determining the mechanisms by which fXIIIA influences arthritis pathogenesis is that fXIII is present both in circulation and as an intracellular dimeric form (cfXIIIA) within various cell types, including platelets, monocytes and macrophages, osteoblasts, and chondrocytes. 32 The presence of cfXIIIA in the monocyte and macrophage lineage appears to be of particular functional importance. For instance, monocytes isolated from fXIIIA-deficient patients have impaired Fcg-and complement receptor-mediated phagocytic abilities. 57 The chemotactic responses of fXIIIA-deficient dendritic cells to CCL19, a chemokine required for dendritic cell maturation, were also significantly impaired. 58 Additionally, fXIIIAmediated crosslinking of AT 1 receptors in human monocytes correlated with enhanced adhesiveness to endothelial cells. 59 Given that fXIII appears to influence multiple processes (eg, differentiation, migration and activation and function of monocytic lineages), cfXIIIA could contribute to arthritis pathogenesis through distinct mechanisms. The precise impact of fXIIIA-mediated extracellular crosslinking and intracellular cfXIIIA activity on synovial fibroblast proliferation, inflammatory cytokine production, monocytes and macrophage infiltration, and osteoclastogenesis within the arthritic joint constitutes an exciting area for more detailed study.
The pharmacalogic inhibition studies presented here suggest that intervention at the level of limiting fXIII transglutaminase activity could provide significant benefit in the context of inflammatory arthritis. These findings are consistent with previous reports wherein inhibition of transglutaminase activity has been found beneficial in the context of various other inflammatory pathologies. For instance, using 2,4,6-trinitrobenzenesulfonic acid-induced colitis as a model of inflammatory bowel disease in rats, it was demonstrated that cystamine treatment markedly diminished colitis-associated inflammation including reduced mucosal proinflammatory cytokine expression. 60 Likewise, cysteamine-mediated inhibition of transglutaminase activity was shown to limit the severity and progression of experimental autoimmune encephalomyelitis, a model of multiple sclerosis in mice. 61 Thus, inhibiting transglutaminase function may be beneficial in limiting a wide array of inflammatory diseases. In summary, the findings presented here provide valuable proof-of-concept that intervention at the level of fXIII transglutaminase activity is an attractive therapeutic strategy to limit both inflammation and cartilage and bone loss associated with RA and potentially other destructive bone diseases.
